Objective-To assess whether regional abnormalities of ventricular function are present in patients after the Fontan operation and to explore the implications of any such abnormalities for ventricular filling.
The Fontan operation' (atriopulmonary anastomosis), in which a pulmonary circulation devoid of a ventricular pumping chamber is created, has been developed as the definitive method for the palliation of various complex congenital heart lesions. By separating the pulmonary and systemic circulations, arterial oxygenation is improved and systemic ventricular preload is reduced. This operation is palliative rather than curative, however, with a significant late decline in survival and functional state as follow up is extended.2 The principal cause of this deterioration is circulatory decompensation, but as yet the precise mechanism for this is unclear.
This study of systemic ventricular function in patients after the Fontan operation has principally considered the analysis of ventricular systolic pump function. Many patients display normal or near normal ejection fractions at rest.3 One longitudinal study showed an improvement in so-called load independent indices of contractility during a seven year follow up. 4 It thus appears unlikely that the late decline in functional state of survivors after the Fontan operation is related to a primary deterioration in ventricular systolic function. It is clear that the study of ventricular function in patients after the Fontan operation must extend beyond the study of systolic pump activity only.
Doppler echocardiography has facilitated the identification of dynamic blood flow patterns in the ventricular cavity during systole5 and diastole,6 reflecting the development of transient intraventricular pressure changes secondary to incoordinate ventricular wall motion during ventricular contraction and relaxation. The presence of this intraventricular flow correlates closely with abnormalities of regional wall motion, identified by cineangiography in patients with left ventricular disease.56
When present during early systole, abnormalities of wall motion may have important implications for overall ventricular efficiency and rate of pressure development,7 whereas non-uniformity of ventricular wall motion during isovolumic relaxation may slow ventricular pressure decline, resulting in a prolongation of isovolumic relaxation time8 and a reduction in the rate of ventricular filling during early diastole.9 So far, regional ventricular wall motion or ventricular diastolic function have not been formally studied in patients after the Fontan operation.
In this study, Doppler echocardiography was used to examine atrioventricular and intraventricular flow patterns in patients before and after the Fontan operation and in healthy controls, so that possible regional abnormalities of ventricular function might be explored.
Methods

PATIENTS
Twenty-five patients (14 male and 11 female) with a median age of 94 (range 12-221 months) were studied at a median interval of 28 (003-105) months after the Fontan operation. Fifteen patients had tricuspid atresia (with the ventriculoarterial connection concordant in 13, discordant in one, and double outlet in one). Eight patients had double inlet left ventricle (with the ventriculoarterial connection discordant in six and double outlet in two). One patient had pulmonary atresia with intact interventricular septum and one had double outlet right ventricle with anomalous insertion of the tricuspid valve tensor apparatus precluding a biventricular repair. Fifteen patients had previously undergone insertion of one or more systemic to pulmonary artery shunts, four had undergone pulmonary artery banding alone, two had undergone pulmonary artery banding before insertion of systemic to pulmonary artery shunts, and four had undergone the Fontan operation as a primary operation. Atriopulmonary anastomosis was performed in 22 patients. In two patients the rudimentary ventricle was incorporated into the anastomosis and in one patient a total cavopulmonary anastomosis with an intra-atrial baffle was performed.'0 Indices were compared with 25 age and sex matched controls and 12 patients with a median age of 59 (0 06-258) months and a univentricular atrioventricular connection (eight with absent tricuspid atresia and four with double inlet ventricle) before the Fontan operation. Of these, five had undergone insertion of one or more systemic pulmonary artery shunts and two had undergone pulmonary artery banding.
MEASUREMENTS
Patients were studied at rest, lying in a supine position. Colour flow Doppler echocardiograms were recorded from an apical position, using a 5 MHz or 3-5 MHz transducer interfaced with a Toshiba SSH-160A or Hewlett Packard Sonos 1000 ultrasound machine. The transducer was angled until optimal flow signals were recorded and a pulsed wave, range gated sample volume was positioned at the centre of the colour signal in the inlet of the ventricle, at the level of the tips of the atrioventricular valve leaflets. Simultaneous electrocardiograms, phonocardiograms, and respirometer were recorded. The coincidence of the first and second heart sounds on phonocardiogram, with mitral and aortic valve closure, was verified by M mode echocardiography before measurements were made. All recordings were made at a paper speed of 100 mm/s.
Total electromechanical systole was recorded as time interval between the onset of the QRS complex on the electrocardiogram and the first high frequency component of the second heart sound (Q-A2). Isovolumic relaxation time was measured as the interval between the first high frequency component of the second heart sound and the onset of early rapid ventricular filling (A2-E). Peak atrioventricular flow velocity during early diastole (E wave) and during atrial systole ( Atrioventricular Doppler flow showed early rapid E wave and atrial systolic A wave filling in all patients and controls, except in one patient with a univentricular atrioventricular connection before the Fontan operation, who had summation flow, so that E and A wave filling could not be separated for the purposes of analysis.
The E:A and the E:E + A velocity ratios were similar in patients before and after the Fontan operation (table) . The E:A and the E:E + A ratios were higher in the normal children, than in both patient groups, however. The E wave velocity was significantly lower in patients after the Fontan operation than in either the controls or the preoperative patients. In patients after the Fontan operation an inverse relation was observed between isovolumic relaxation time and E wave velocity (p = 0 007). Whereas Atrioventricular velocity profiles and velocity ratios in the three groups of subjects studied. All indices are expressed as mean (SD). The statistical significance of differences between groups was analysed by Student's t test ,espirometer.
The aetiology of this systolic incoordination may be related to an alteration in the arrangement of muscle fibres and ventricular geometry resulting from the underlying congenital heart r the onset of the lesion,'4 or from chronic volume overload,'5 or electromechanical which may be secondary to myocardial necrosis D of the 25 normal or fibrosis manifest in the myocardium of some patients with congenital heart disease from an ealy age.'4 It is not surprising that the incidence URING ISOVOLUMIC of systolic intraventricular flow is not increased by the Fontan operation, as neither afterload icular base to apex nor global ventricular systolic function seems ;0 patients after the to be significantly worsened.
INTRAVENTRICULAR FLOW DURING ISOVOLUMIC RELAXATION
By contrast with systolic flow, the incidence of intraventricular flow during isovolumic relaxation was much higher in patients after the Fontan operation (80%) than in the healthy children (89%) and in the children with a univentricular atrioventricular connection before the Fontan operation (0%). Again, the exact mechanism for this phenomenon is unclear, but incoordinate ventricular relaxation may be an explanation. M mode echocardiography studies showed that an acute reduction in ventricular preload precipitated the development of incoordinate left ventricular relaxation in patients with ischaemic heart disease. which may cause a reduction in atrioventricular flow velocity during early diastole.9 In our patients after Fontan operation, the isovolumic relaxation time was prolonged and early atrioventricular filling was lower than in healthy children and patients before operation.
Both E and A wave atrioventricular velocities were proportionately lower in postoperative patients, however, than in patients before the Fontan operation, so that E:A and E:E + A ratios were similar in the two groups.
Thus the lower rate of ventricular filling in the patients after operation may merely reflect a reduction in total stroke volume consequent on separation of the systemic and pulmonary circulations. It would be premature to assume that these data provide evidence for changes in ventricular compliance characteristics resulting from the Fontan operation. The inverse relation between isovolumic relaxation time and early filling velocity in these patients suggests that impaired ventricular relaxation may be the primary cause of altered filling after this operation.
This study does provide evidence for the development of incoordinate ventricular relaxation in patients after the Fontan operation. We postulate that the underlying mechanism for these abnormalities is related to a combination of preload reduction and acquired ventricular hypertrophy. The presence of incoordinate ventricular relaxation may alter ventricular diastolic function, which in turn may influence pulmonary blood flow after the Fontan operation. The possible influence of abnormal ventricular relaxation on diastolic filling and cardiac output after the Fontan operation warrant further study.
